FIVM has provided many insights into the regulation of immunity. We report the validation of an approach for visualizing murine small bowel via single-and multiphoton FIVM. Tissue damage is limited to ϳ200 m, immediately adjacent to the incision, as confirmed by intravital PI staining. Treatment with 10 KDa dextran-FITC and 70 KDa dextran-TR confirms that perfusion is intact. Selective filtration of 10 KDa but not 70 KDa dextran from the blood indicated that kidney function is also intact. Interestingly, lamina propria vasculature is semipermeable to 10 KDa dextran. Next, reporter mice expressing egfp from the CX3CR1 locus, egfp from the FoxP3 locus, or RFP from the IL-17F locus were used to track DC subsets, FoxP3 ϩ Tregs, or Th17f cells, respectively. Resident cx3cr1 ϩ/egfp cells were sessile but actively probed the surrounding microenvironment. Both T cell populations patrol the lamina propria, but the Th17f cells migrate more rapidly than Tregs. Together, these data demonstrate intact vascular perfusion, while intravitally visualizing the mucosal surface of the small bowel. Lastly, the cx3cr1 ϩ DCs and T cells display activity similar to that found in steady-state, secondary lymphoid organs. J. Leukoc. Biol. 92: 000 -000; 2012.
Introduction
The technology of FIVM has provided significant advances in our understanding of immunobiology. Much has been learned about the regulation of immunity in secondary lymphoid organs [1] . Fewer studies have examined orchestration and regulation of immunity at effector sites, and studies that have carefully applied FIVM to understand regulation of immunity in the intestine are limited [2] [3] [4] [5] .
The intestine is unique in that it hosts ϳ10 14 microbes while maintaining relative immune quiescence [6] . The enteric flora has long been known to play an important role in the development of the gut-associated lymphoid tissue, driving peristalsis, protecting from infectious disease, and assisting in food digestion [7] [8] [9] [10] . It is further unique in that it contains immunologic priming and effector sites, such as organized lymphoid follicles and lamina propria, respectively. As FIVM studies have provided valuable insight into the microanatomic organization and orchestration of immunity in LN and spleen, we aimed to establish a system that allows for intravital examination of the intestine while maintaining tissue viability and vascular perfusion.
We report here application of single-and multiphoton FIVM as a technique to study the regulation of immunity in the intestinal mucosa. Following surgical exposure of the mucosal surface of murine distal ileum, the tissue is mechanically stabilized and imaged. Using a combination of vital dyes and genetic reporters, the integrity of epithelial cells and underlying lamina propria cells was confirmed to be intact. Fluorescentconjugated dextrans, 70 KDa and 10 KDa, were used to confirm blood perfusion. These dyes were cleared from the vasculature with predicted kinetics, indicating perfusion was intact. Surprisingly, cx3cr1 ϩ/egfp DCs in lamina propria were sessile despite the constant exposure of this tissue to enteric microbes. However, they actively extend and retract dendrities, a process called probing. The sessile, while probing behavior, is surprisingly akin to DC activity in a steady-state, secondary lymphoid organ. Th17 Teff and FoxP3ϩ Treg were motile, similar to T cell migration, reported at other organ sites [11] [12] [13] [14] . Together, these data validate the ability to stably visualize the intestinal mucosal effector site while maintaining tissue health and demonstrate DC and T cell behavior surprisingly akin to that in secondary lymphoid organs at steady-state, despite the presence of enteric microbes.
Surgery and anesthesia
Animals were anesthetized and maintained under anesthesia, as described previously [20] . Animals were anesthetized with a rodent cocktail of ketamine (50 mg/Kg), xylazine (10 mg/Kg), and acepromazine (1.7 mg/Kg), injected into the peritoneum. Anesthesia was maintained during image acquisition with one-half dose s.c. boosting every 45 min for up to 2.5 h. Animals can be maintained under anesthesia for up to 4 h. However, in some animals, respiration is affected at later time-points (Ͼ3 h), as indicated by labored, slowed, and deep breathing. For surgery, the anesthetized animal was placed on a heating pad set at 37°C, and abdominal fur was trimmed.
To access the peritoneal cavity, a 1-to 1.5-cm incision was made through the skin along the abdominal midline to expose the peritoneal wall. An additional incision was made through the peritoneal wall to expose the abdominal cavity. Next, a 3-to 4-cm loop of the distal ileum was externalized. A segment of the mucosal surface was exposed by making two partial transverse incisions along the gut wall, ϳ0.5 cm apart. A longitudinal incision was next made to expose the mucosal surface, and blood loss was limited by cauterizing at the edges of the incisions. The intestinal contents at the exposed area and up to 1 cm of the flanking region were removed with cotton swabs. Care is taken to avoid disrupting the mucosal layer. At no point was mesentery or mesenteric vasculature disrupted. Upon completion of surgery, the entire animal was then placed on an inverted microscope stage insert, with the mucosal surface of the intestine resting on the coverslip, which itself has glued to it single, 1.5 ϫ 1.5-cm nonmoisturized, 20-lb printing paper with a 0.5 ϫ 0.5-cm slit, on center, through which the intestine is aligned with the objective. Consequently, the externalized intestine is sandwiched between the paper glued to the coverslip and sterile gauze placed on the abdomen, upon which, the animal is now resting. Therefore, the entire exposed tissue is covered by the animal, which protects the tissue from dehydration. The animal is maintained at 37°C in a black-out environmental chamber with supplemental medical-grade oxygen supplied via a nose cone. 
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Treatment with vital dyes
Immediately prior to image acquisition, animals were retro-orbitally injected with fluorescently conjugated dyes, as indicated, in a 50-to 100-l vol in saline at the following doses: 20 g propidium iodide (PI) 
Analysis of perfusion and permeability
All images were analyzed using Imaris software (Bitplane Scientific Software, South Windsor, CT, USA). Blood vessels were delineated by nonpermeable Qtracker 655. For image analysis at select time intervals, 10 vol of interest (5ϫ5ϫ1 m) was chosen inside and outside, immediately adjacent to the blood vessel. The relative fluorescence intensities of each volume of 10 KDa-FITC and 70 KDa-TR dextran were determined. A total of three mice was examined. Therefore, each time-point is represented by 30 measurements for each dye. To quantify perfusion, the intravascular relative fluorescence intensity of 10 kD-FITC and 70 kD-TR was plotted over time. Percent fluorescence was calculated by normalizing the relative fluorescence intensity at 1 min postinjection. To quantify vascular permeability, the relative fluorescence intensities of each dye were calculated ratio-metrically and plotted as extra-versus intravascular, at 1 min postinjection.
Adoptive transfer of primed CD4 T cells in small intestine
Splenocytes from C57BL/6 mice were sorted for CD4 ϩ CD62 ligand ϩ cells using a MACS separator kit (Miltenyi Biotec, Auburn, CA, USA). The cells were activated in 96-well polystyrene flat-bottom plates (Costar, Corning, NY, USA) in the presence of 3 g/ml immobilized anti-CD3, 1 g/ml soluble anti-CD28, 50 U/ml IL-2, and 1 M retinoic acid for 4 days and then allowed to rest in the presence of IL-2 only, for an additional 2 days. Subsequently, the cells were labeled with 1 M CFSE and retro-orbitally injected into syngeneic recipient C57BL/6 mice. Recipient animals were imaged intravitally using multiphoton microscopy at 1 day post-transfer.
Leukocyte migration analysis
Leukocyte migration was quantified using Volocity (Improvision, now PerkinElmer, Waltham, MA, USA) and Imaris (Bitplane Scientific Software). Each cell was tracked semiautomatically and confirmed visually during each frame collected. For each analysis, every cell is examined during each acquisition volume (once every 30 s).
Statistics
Statistical analysis was conducted using GraphPad Prism (GraphPad Software, La Jolla, CA, USA). All data sets were examined for Gaussian distribution via a D'Agostino and Pearson normality test. For determination of significance of differences between two groups, a two-tailed nonparametric t-test (Gaussian) or Mann-Whitney test (non-Gaussian), as appropriate, with a 95% confidence interval, was conducted. Significance is defined as P Յ 0.05.
RESULTS AND DISCUSSION
The technology of multiphoton FIVM has provided many exciting and sometimes unexpected insights in immunology [1] . The application of this technology to mucosal immunobiology has the potential to provide many novel insights into the fundamental cellular and molecular regulation of homeostasis in this unique organ. A major challenge to microscopically visualizing internal organs via FIVM is to develop surgical procedures that minimize the impact on tissue health and movement. This study demonstrates a careful evaluation of tissue health and viability, while overcoming the additional challenge of peristaltic movement. Additionally, we describe homeostatic leukocyte behavior, surprisingly similar to that found in steadystate, secondary lymphoid organs. Following anesthesia, a distal loop of the small bowel is externalized by making an incision along the midline to minimize rupturing vasculature along the parietal peritoneum. A loop of the distal ileum is then externalized and placed on sterile gauze, which is resting on the abdomen of the animal. This prevents contact of the intestinal wall with abdominal fur. Following externalization of the distal ileum, an incision was made along the intestinal wall to access the mucosal surface for visualization. The incision was cauterized to prevent blood loss (Fig. 1) . The entire animal was then placed on an inverted microscope stage insert as described in Materials and Methods.
Visualization on inverted and upright microscope platforms was attempted, but maximal success with mechanical tissue stabilization was observed on an inverted platform. We believe the combination of the weight of the animal and tactile resistance provided by paper and gauze are what provide for image stability. Nonetheless, there is variability of peristaltic movement along the intestine and even within a viewing field.
We varied on the use of confocal (single-photon) versus multiphoton application in this study as a result of availability of the technology. Early in the study, we aimed to established parameters for acquiring stable images. As described above, minimizing peristaltic movement, while visualizing the intestinal mucosa, was best achieved on an inverted microscopy stage. However, in the early phase of this study, a multiphoton light source was not available on an inverted stage. Although, we later re-examined T cell trafficking of endogenous Th17-RFP animals (described below), the signal-to-noise ratio was not sufficient to visualize these cells via multiphoton. To evaluate the effect of surgery on tissue viability, animals were treated with 20 g PI, and 250 g Hoechst counterstain via i.v. injection. PI-positive cells were limited to Ͻ200 m from the incision (Fig. 2) . Therefore, cell death as a result of the surgical technique was limited to the region immediately adjacent to the incision. For all subsequent experiments, images were acquired in regions of normal tissue health.
To evaluate tissue perfusion, 10 KDa-FITC and 70 KDa-TR were injected i.v. into WT C57BL/6 mice while imaging. Both dyes were observed in the lamina propria blood vessels in Ͻ30 s, indicating that perfusion is intact (Fig. 3 and Supplemental Video 1). The loss of intravascular fluorescence intensity over time was more readily apparent with 10 KDa-FITC than 70 KDa-TR dextran (Fig. 3A) . Quantitative analysis of intravascular fluorescence intensity revealed that Ͼ50% of the intravascular 10 KDa-FITC dextran is lost within 10 min. Conversely, Ͼ90% of the intravascular 70 -Da dextran is retained as late as 20 min postinjection (Fig. 3B) . These finding are consistent with the observation that kidneys filter 3-10 KDa dextrans within minutes, whereas larger molecular weight dextrans, Ͼ40 KDa, persist for an extended period in blood vessels [21] . The presence of dextrans in the bladder was confirmed grossly. Therefore, whereas it is likely that anesthesia has effects on the cardiovascular system, the intestinal mucosa and kidneys remain perfused using this surgical procedure.
To examine vascular permeability, a ratiometric analysis of extra-versus intravascular dextran was conducted. At 1 min postinjection, the relative fluorescence of 10 KDa dextran outside of the blood vessel is almost equal to that inside of the blood vessel, with a ratio of 0.80 Ϯ 0.02 (Fig. 3C) . Conversely, 70 KDa dextran is mostly intravascular, with a ratio of 0.18 Ϯ 0.02 (Fig. 3C) . Therefore, 10 KDa dextran is 4.4-fold more permeable than 70 KDa dextran in distal ileum. This technique allows for the intravital analysis of the mucosal vascular integrity in almost real time. Such measurements are important for target validation and delivery of therapeutics aimed at targeting the intestine.
Animals expressing EGFP under control of a single allele of the endogenous cx3cr1 promoter, cx3cr1 ϩ/egfp , allow for the visualization of DCs and were examined by IVM [15, 22] . Im- mediately prior to image acquisition, animals were i.v.-treated with 10 KDa dextran-TR to ensure perfusion. Analysis of DC activity in lamina propria reveals a sessile but probing activity of endogenous CX3CR1 cells (Fig. 4 and Supplemental Video 2). Interestingly, this activity is akin to that of DCs in secondary lymphoid organs [11] . cx3cr1 ϩ/egfp cell migration was not observed in a total of three animals, six villi/animal, and 10 -40 cells/villus, examined over a period of 20 min each. Although the current paradigm is that a subset of cx3cr1
DCs sample mucosal antigen and traffic to the mesenteric LN to present antigen to T cells [2, 23, 24] , the relative frequency of this behavior may be rare during homeostasis. Previous studies have demonstrated that cx3cr1 ϩ/egfp cells include a subset of DCs, which reach through epithelial cell tight junctions and play an important role in protection from salmonella [22] . Whereas these cells may play a sentinel role, their mobilization may require a pathogenic signal, such as that derived from Salmonella. The probing action of cx3cr1 ϩ/egfp cells indicated that the relative lack of cell migration in this study is not secondary to a lack of cellular metabolic activity.
To further ensure that the lack of cx3cr1 ϩ/egfp cell migration was not a result of a lack of tissue health, endogenous T cell migration was examined. Migration of Teffs and Tregs in tissue is a highly controlled process, dependent on vascular perfusion, gas exchange (normoxia), and temperature regulation [12, 13, 25] . We examined the behavior of endogenous Th17 Teffs and FoxP3 Tregs in vivo via intravital confocal laser-scanning fluorescence microscopy, using a BAC transgenic-expressing RFP under the IL-17f promoter (Th17-RFP), crossed to transgenic animals expressing EGFP under the FoxP3 promoter (FoxP3-EGFP). Visualization of Th17-RFP required confocal (single-photon) microscopy as a result of a relatively weak signal of RFP in Th17 cells. We carefully discriminated between autofluorescence and Th17f-RFP cells by excluding autofluorescent signals found in multiple detectors ( Fig. 5A and B, and Supplemental Video 3). FoxP3ϩ T cells (green) can be seen migrating in situ, in and out of the focal plane, and can be readily identified by dynamic, morphologic changes, as they traffic in villous lamina propria. Th17f cells (red) can also be identified as a result of their dynamic behavior, including a discernable leading edge, and they migrate in situ ( Fig. 5A and B, and Supplemental Video 3). Th17f T cells migrated at a mean speed of 7 m/min, whereas FoxP3 T cells migrated at a mean speed of 5 m/min; P ϭ 0.004 ( 5B). The slower speed of FoxP3 T cells compared with Th17 T cells was a result of a significant increase in arrest coefficient, 31% and 19%, respectively; P ϭ 0.01 (Fig. 5C ). These differences were not a result of global variations in T cell migration of each subset, as no differences were seen in meandering index; P ϭ 0.15 (Fig. 5E) . The mean speed of Th17 Teffs is slightly slower to that of CD4 T cells reported previously in situ [11] [12] [13] [14] . Nonetheless, the combination of perfusion and the dynamic behavior of T cells and DCs together indicate that cell and tissue health are intact in this system. The significance of the distinct behavior of Teff and Treg subsets during homeostasis is unclear. However, the increased arrest of FoxP T cells suggests that Treg interactions with resident DCs and/or other cells are more prolonged compared with that of Teffs. These data further suggest that Th17 Teffs survey more tissue/unit time and therefore, more APCs than FoxP T cells during homeostasis.
As the studies with endogenously primed T cells were limited to confocal microscopy, it is possible that the slower speed observed was a result of the lack of 3D resolution. Therefore, we used an adoptive transfer system, where naïve donor T cells were differentiated into gut homing T cells, loaded with a CFSE tracer, and visualized in recipient animals via multiphoton FIVM (Fig. 6, Supplemental Video 4) . A comparative analysis of 2D versus 3D migratory behavior revealed that 2D analysis shows a slower speed compared with 3D analysis (10 m/ min vs. 12 m/min, respectively) of the same cells (Fig. 6B) . Cells that move along the z-plane are not quantified in a 2D analysis, and thus, speeds are likely biased compared with 3D analysis. No significant difference in arrest coefficient or meandering index was observed (Fig. 6C and D) .
Together, these data validate procedures to quantitatively evaluate mucosal perfusion, vascular permeability, and leukocyte behavior at single-cell resolution in vivo and provide an important tool for more closely examining the role of DC migration in maintaining homeostasis in the gastrointestinal tract. This system also provides an important tool for understanding the microanatomic locale of T cell-DC interactions and the genetic requirements for T cell-APC interactions and defining the relative contribution of APC subsets in spatialtemporal regulation of T cell activation in vivo. 
